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Objective. This work investigates methods for predicting imminent wire failure during
fatigue testing.
Methods. Sensors that measure changes in vibration, displacement, and infrared signatures
were explored, and in-situ video recording was studied for its ability to capture changes in
the shape of the wire.
Results. Video recording appears to be the most promising of the methods investigated.
Conclusion. It has promise for both single and multi-strand conﬁgurations.
Practice. Further investigations could include image/video processing.
Implications. Could be used to determine if the number of fatigue cycles to complete
fracture is an accurate measure of the fatigue life of multi-stranded wire.
© 2014 Elsevier Ltd.
1. Introduction
Accurate fatigue life prediction is critical in the design of structures subject to variable load conditions, especially when
human life is at risk. Most implantable medical devices are designed to reside in the human body for extended periods of
time, and are often subjected to ﬂuctuating mechanical loads. Thus, conservative estimates for anticipated fatigue life are
essential in the design and manufacture of such products [1]. For this reason, wires used in the medical device industry
for applications such as heart catheters, pacemakers, deﬁbrillators, orthopedic, orthodontic and suturing undergo extensive
testing during the manufacturing process. Included in this testing are fatigue tests using instrumentation such as the Val-
ley Instruments Bench Top Wire Fatigue Tester, Model 100, depicted in Fig. 1. This tester accommodates wire diameters
0.002–0.040 inches as well as optional larger diameter capacity and is used in predicting structural integrity of both sin-
gle and multi-strand medical-grade wire. During the test, the wire samples are rotated, causing a reversing cyclic stress,
where the wire surface experiences an alternating tension and compression state [2]. Rotary beam fatigue testing may be
conducted in temperature-controlled ambient air or in a liquid environment. As shown in Fig. 2, the testing instrument
consists of a motor-driven chuck and an adjustable bushing support that allows variable positioning of the free end of the
wire specimen. Various holes in the bushing-bar provide strain adjustment for the specimen. Using a calculated distance
from the chuck to form an arch, the design allows the axis of the chuck and the axis of the loose wire end in the bushing
to be exactly parallel. The specimen, of known length, is mounted into the drive chuck system while the “nondriven” end is
inserted into the free bushing. To prevent vibration, two support guides are positioned on the radius of the wire specimen,
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Fig. 2. Components of the Rotary Beam Fatigue Tester.
but outside of the apex, such that the guides do not affect the region of maximum strain. The material is cycled in the
chuck by a motor at a constant frequency of 3600 revolutions per minute. Typical strain values may range from 0.60% to
2.50%. A cycle consists of the number of turns the chuck completes during testing. The material is cycled to fracture, or
continues to a predetermined number of cycles of runout. The resulting fatigue test data is traditionally presented in the
form of an ε–N (strain-life) diagram [2].
Currently, when conducting a fatigue test on coated multi-stranded wire, there is no way to determine when the indi-
vidual strands begin to fracture, and failure is deﬁned as complete fracture of all strands. However, in practice, the time to
failure of the ﬁrst or a portion of the strands may provide a more conservative predictor of wire fatigue strength.
This study investigated methods for predicting imminent wire failure during a rotary beam fatigue test of ﬁne medical
grade wire. The goal was to ﬁnd a nondestructive method to predict how soon total fracture will occur in a multi-stranded
wire after the individual wires composing the strands begin to fracture.
2. Background information
A variety of nondestructive methods have been used for evaluating the structural health of mechanical cables and wires
to predict their imminent failure. The induced wave propagation method involves applying a transverse impulsive force to a
wire rope, thus inducing a vibrational wave, the propagation properties of which can be used to detect localized ﬂaws [3–5].
Electromagnetic analysis uses strong permanent or electric magnets to magnetically saturate a section of steel rope in the
longitudinal direction. The magnetic ﬂux leakage surrounding the wire is then measured. Defects present in the wire cause
leakage of magnetic ﬂux [3]. Acoustic emission is a widely used nondestructive technique used to sense crack propagation
in a stressed solid. When a material undergoes stress, acoustic emissions in the form of sound waves are generated and can
be detected by transducers placed at the surface [3]. Laura et al. [6] investigated the feasibility of using infrared technology
for detecting imminent failure in cables by measuring the frequency of vibration of the damaged cable. Cortazar et al. [7]
proposed use of ﬁber optics for detecting wire breakage in a mechanical cable in service. Chou and Earthman [8] developed
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Comparison of cameras used in study.
Camera Megapixels (MP)
per still image
Video resolution, frames per second (fps)
& corresponding frame size (in pixel)
Magniﬁcation Cost
IPEVO Point 2 2 30 fps at 640× 480 6× $69.00
Keyence VHX-1000 54 28 fps at 4800× 3600 200× $70,000
Generic webcam with microscope 0.3 30 fps at 640× 480 Dependent on microscope $10.00
Table 2
Details of multi-strand wire fatigue test video capture.
Test number Video frame rate (frames/second) Magniﬁcation Time to failure
1 15 20× 6 seconds
2 15 20× 1 minute, 16 seconds
3 28 20× 36 seconds
4 28 50× 34 seconds
a laser light scanning inspection technique for in situ monitoring of surface microcrack damage in nickel-based superalloy
specimens.
3. Material and methods
For this work, fatigue tests were conducted using single strand straight annealed nitinol (NiTi#1) wire and multi-stranded
nitinol wire coated with ethylene tetra ﬂuro ethylene (ETFE) and the rotary beam fatigue tester depicted in Figs. 1 and 2
which had a rotation speed of 3600 rpm, corresponding to a 60 Hz rate. The analysis initially focused on the responses of
single strand wires and then proceeded to multi-stranded wires.
During the fatigue tests, a variety of sensing techniques were employed and evaluated for their potential to predict
imminent wire failure. Due to page constraints, only those involving visual appearance are described here since in our
studies, this technique showed the most promise. Three different cameras, of varying cost and capabilities were used in the
study. A comparison of their properties is provided in Table 1.
3.1. IPEVO Point 2 View USB camera
A simple webcam, the IPEVO Point 2 View USB camera, was used initially to record a test. A fatigue test was run using
0.015′′ diameter single strand straight anneal nitinol (NiTi#1) wire at 0.65% strain, and video was captured during the test
using a frame rate of 15 frames/sec with MATLAB’s videoinput command.
3.2. Keyence VHX-1000 digital microscope
The Keyence VHX-1000 digital microscope, equipped with an integrated 18 million-pixel CCD pen-sized camera, was
used to monitor and record digital videos during fatigue testing. Initially, tests were run with 0.007′′ diameter single strand
straight annealed nitinol (NiTi#1) wire and 0.65% strain. Video was captured at 20× magniﬁcation and 28 frames/second.
The ﬁrst 35 minutes of video was inadvertently lost. After the ﬁrst 35 minutes, videos were saved in 10 minute intervals.
Subsequently, fatigue tests were run using ETFE clear coated 1 × 7 × 0.00167; 0.005/0.0121 multi-stranded wire, which
is a 1 × 7 strand composed of 0.00167 diameter wires. The total diameter of the bare strand is 0.005′′ , and the coated
diameter is 0.0121′′ . Four fatigue tests were run at 0.7% strain, and during them, video was captured using the Keyence
VHX-1000 digital microscope. Details of these tests are provided in Table 2.
3.3. Use of a webcam as a microscope recording device
As a low cost alternative to the Keyence VHX-1000 microscope camera, an inexpensive webcam was made into a mi-
croscope video recording device as described by Wan [9]. The webcam used in this study was a Digital Product Six LED PC
Camera. Fatigue tests were run on clear coated (ETFE) multi-strand wire, 1 × 7, 0.00167; 0.005/0.0121, at 0.35% strain, and
video was captured at 15 frames/second. For these tests, a strain rate lower than that used with the Keyence VHX-1000
was intentionally selected to enable a longer time to failure. During the tests, a 60 Hz strobe light focused on the wire was
used to freeze the wire vibration. It was discovered that setting the strobe light slightly off the 60 Hz frequency of the wire
vibration provided a better way to observe wire variations than using exactly 60 Hz.
4. Results & discussion
To date, recording video of the rotating wire has proven to be the most promising of all methods for predicting imminent
wire failure during a fatigue test. The intent was to determine if a discernible difference in the appearance of the wire could
4 E. Thompson et al. / Case Studies in Nondestructive Testing and Evaluation 2 (2014) 1–8Fig. 3. Results using IPEVO Point 2 View USB camera.
Fig. 4. Wire proﬁles of Figs. 3(a) and 3(e).
E. Thompson et al. / Case Studies in Nondestructive Testing and Evaluation 2 (2014) 1–8 5Fig. 5. Results using Keyence VHX-1000 digital microscope, single stranded wire.
be detected prior to failure. If so, the ultimate goal is to develop a video processing technique to automatically identify such
precursors.
4.1. IPEVO Point 2 View USB camera
Snapshots at various stages of the test are displayed in Fig. 3. A bulge in the wire ﬁrst became apparent 1 minute,
32 seconds into the test (Fig. 3(d)), and the wire broke 1 minute, 42 seconds later (Fig. 3(f)). An overlay of the wire proﬁles
of Figs. 3(a) and (e) is provided in Fig. 4. A numerical value could be assigned to the difference in shape, using a technique
similar to that of ﬁnite element analysis in which a grid is overlaid on the image and the displacement calculated at each
location within the grid. The total displacement at each stage of the test could then be compared to a predetermined
threshold value.
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4.2. Keyence VHX-1000 digital microscope
Results using the Keyence VHX-100 digital microscope with single-stranded wire are shown in Fig. 5. Wire failure oc-
curred approximately 65 minutes after the start of the test. The ﬁrst frame starting at 35 minutes into the test is shown
in Fig. 5(a). The ﬁrst frame of the next video, occurring approximately 45 minutes into the test, is displayed in Fig. 5(b).
Several other snapshots from the video are also displayed in Fig. 5. A subtle change in radius of the wire was ﬁrst noted at
approximately 1 hour, 48 seconds into the test, as displayed in Fig. 5(d), which was detectable due to the change in location
of the wire support guides. Fracture occurred approximately 65 minutes after the start of the test, as shown in Fig. 5(f),
which is approximately 4.5 minutes after the change in radius was ﬁrst noted.
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Results from the multi-strand test 3 of Table 2 are shown in Fig. 6. Noticeable changes in the shape of the wire do not
occur until within fractions of a second of failure. The use of image processing techniques may reveal more subtle changes
in wire shape and/or strand breakage earlier on and warrants further investigation.
4.3. Webcam/microscope results
Snapshots from the resulting webcam video during a fatigue test with multi-stranded wire are shown in Fig. 7. One hour
and 40 minutes into the test a bulge becomes apparent (Fig. 7 (d)); complete failure occurs approximately 2.06 minutes later.
For these tests, a strain rate lower than that used for the test of Fig. 6 was intentionally selected to enable a longer time
to failure. As a result, this test ran for one hour, 42 minutes compared to 36 seconds for the test of Fig. 6. Correspondingly,
there was a longer time between the ﬁrst visual indication and ﬁnal fracture (fractions of a second for Fig. 6 compared to
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2.06 minutes for Fig. 7). It is anticipated that this trend will continue when even lower strain rates are applied. At the strain
rates typically used for these tests, fracture often occurs after several days rather than hours. Thus, it is anticipated that
video, in combination with signal processing techniques could be a valuable tool in predicting imminent wire failure.
It also should be noted that viewing the wire under higher magniﬁcation, as in Fig. 8, enables detection of broken strands
of the wire.
5. Conclusions
In this study, several methods for fatigue sensing of ﬁne medical grade wire were explored. Sensing characteristics of
small diameter wire proved to be very challenging. Testing was conducted for high strain levels and hence relatively short
time duration. To gain understanding regarding the amount of time between partial and complete fracture in a multi-strand
wire, lower strain rates involving longer test times should be investigated. Reducing the strain rate from 0.7% to 0.35%
resulted in a longer time to failure after the ﬁrst detection of anomaly in multi-strand wire. Tests of even lower strain rate
(and longer time duration) warrant further investigation to see if this trend continues in a predictable way.
Video recording of the wire undergoing fatigue testing appears to have promise for use in predicting imminent failure
of the wire, for both single and multi-strand conﬁgurations. While the high cost digital microscope yielded superior results,
use of a lower cost alternative camera for imaging is also feasible. To utilize this information in a production environment,
further investigations are warranted and could include image/video processing such as mesh analysis. Furthermore, lower
strain rates, leading to longer duration testing, should be investigated.
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